INTRODUCTION
============

The three groups of metabotropic glutamate receptors (mGluRs) are G-protein coupled receptors (GPCR) similar to calcium-sensing receptors and γ-aminobutyric acid B (GABA~B~) receptors \[[@R1]\]. The significant work in the 80s \[[@R2]-[@R4]\] led to the discovery of metabotropic glutamate receptor 1 (mGluR1), one of group I mGluRs in 1991 and it was the first of the eight mGluR subtypes identified \[[@R5], [@R6]\]. Group I mGluRs regulate neuronal excitability through modulation of ionotropic glutamate receptors (iGluRs), activity at postsynaptic density. Activation of group II (mGluR2 and 3) and group III receptors (mGluR4, 6, 7 and 8) reduces the concentration of cyclic adenosine monophosphate (cAMP) by inhibiting the activity of adenylyl cyclase (AC). Group II and III mGluRs are located presynaptically to regulate the release of glutamate or other neurotransmitters \[[@R7], [@R8]\]. Activation of group I mGluRs positively affects postsynaptic neuronal excitability, may induce specific long lasting synaptic and cellular plasticity including long term potentiation (LTP) and depression (LTD) \[[@R9]-[@R11]\]. Over activation of group I mGluRs may therefore initiate epileptogenesis \[[@R11]-[@R14]\]. Group II and III mGluRs are located presynaptically and activation these mGluRs may suppress the excitatory transmission in a glutamatergic synapse \[[@R15]-[@R18]\]. Theses receptors are negatively coupled with G-protein linked AC and voltage gated K^+^ and Ca^2+^ channels leading to a lower calcium concentration in presynaptic nerve ending which limits the release of glutamate \[[@R19], [@R20]\]. MGluRs have been considered as promising drug targets in the treatment of epileptogensis as Group I mGluRs antagonists and group II and III mGluRs agonists are both anticonvulsive and neuroprotective \[[@R8], [@R17], [@R21]\]. The regulation of mGluRs plays a vital role in functional modulation of synapses and neuronal networks within central nervous system (CNS) \[[@R1], [@R8]\]. By binding to their interacting proteins, mGluRs dynamically interact with pre- or postsynaptic enzymes, ion channels and other proteins to assemble into various macromolecular signal complexes. The coupling between mGluRs and their interacting protein may result in abnormal signal transduction and consequently cause neurodegenerative diseases including temporal lobe epilepsy \[[@R8]\]. Understanding the distribution and function of mGluRs and their interacting proteins in the brain is fundamental to understand the mechanisms of epilepto- genesis and develop new anti-epileptogenic drugs. While rational designs of treatment by targeting on one particular neurotransmitter and receptor system including glutamate, acetylcholine (ACh), dopamine, GABA~B~, serotonin have improved the suffering of these patients in past half a century, these treatments are all symptomatic with limited therapeutic effects but some obvious side effects, as targeting on one neurotransmitter and receptor system may result in the imbalance of other systems.

MGLURS & INTERACTING PROTEINS
=============================

MGluRs possess a large extracellular N-terminus containing about 560 amino acids that forms the binding pocket for glutamate and their subtype selective agonists. Their intracellular C-termini which are modified extensively in length and phosphorylation level have various binding affinities for intracellular interacting proteins \[[@R22]\]. By binding with different cytosolic proteins, these C-termini can regulate the surface expression level, ligand binding affinity and the interaction with G-protein \[[@R1], [@R23]\]. Based on similarity in amino acid sequence, neuropharmacology of agonist and antagonist and the signal transduction pathways to which they couple, mGluRs are classified into three groups. Group I mGluRs (mGluR1 and 5) promote the activity of phospholipase C (PLC) and increase the intracellular concentrations of diacylglycerol (DAG) and inositol triphosphate (IP~3~). They may also increase the concentration of cAMP by activating AC \[[@R24]\]. In addition to signaling proteins, mGluRs also interact with other three groups of proteins, *i.e.*, cytoskeleton, membrane and scaffold proteins. Signaling proteins include kinases \[[@R25], [@R26]\], phosphatases \[[@R27], [@R28]\] and those directly involved in signal cascades such as calmodulin, calcineurin inhibitor and norbin \[[@R29], [@R30]\]. The cytoskeleton or its associated proteins play a vital role in trafficking and anchoring mGluRs at specialized location of synapses \[[@R31]\]. In the membranes, mGluRs form homodimer or heterodimer between mGluRs subtypes or with other functional membrane proteins \[[@R32]\]. These oligomerized GPCRs increase the diversity of mGluR associated signal transduction pathways which may be different from the individual mGluR subtypes. Scaffold proteins serve as platform for mGluRs and down-stream proteins involved in mGluR associated signal transduction pathways \[[@R33]-[@R35]\]. They tether together to form macromolecular signaling complexes at synaptic terminals. Furthermore, scaffold proteins also regulate mGluR mediated signal transduction cascades by changing their molecular composition in these signaling complexes \[[@R36], [@R37]\]. Abnormal protein-protein interactions between mGluRs and their interacting proteins, such as Homer, have been involved in Fragile X mental retardation, schizophrenia, anxiety, attention deficit, neuroplasticity associated with acute and chronic action of drugs of abuse such as cocaine and alcohol and the reduction of neuronal excitability, especially during epileptic seizure and inflammatory pain \[[@R38]\].

MGLURS IN EPILEPTOGENESIS
=========================

Epileptogenesis refers to the process whereby the brain becomes epileptic due to inborn brain malformations, acquired structural brain lesions, alterations in neuronal signaling, and defects in maturation and plasticity of neuronal networks \[[@R39]\]. Both animal and human experimental studies have clearly shown that glutamate is released just before and during spontaneous seizures. The time course of this *in vivo* glutamate release from epileptic foci correlates well with the time course of the epileptic hyperactivity, as it begins immediately before seizure onset, indicating a causal relationship between glutamate release and seizure onset \[[@R40]\]. This causal relationship is further confirmed by *in vitro* model of glutamate injury-induced epileptogenesis \[[@R41], [@R42]\]. *In vitro* study also suggests that stimulation of group I mGluRs elicits epileptogenesis \[[@R42]\], which is supported by our *in vivo* animal experimental study showing that group I mGluR antagonist 2-methyl-6-(phenylethynyl)- pyridine (MPEP) prevents status epilepticus and subsequent neuronal loss and epileptogenesis \[[@R8], [@R40], [@R43]\].

At molecular levels, the involvement of mGluRs in epileptogenesis has also been well documented. Up-regulation of mGluR1 mRNA and protein occurs in the hippocampus of different animal models of epilepsy, suggesting that it may be involved in the neuronal hyperexcitability, loss, and subsequent epileptogenesis at acute stages after status epilepticus or kindling \[[@R12], [@R13], [@R44]\]. Down-regulation of mGluR5 mRNA in the hippocampus suggests that mGluR1 and mGluR5 may contribute to epileptogenesis differentially \[[@R13]\]. Increases in the expression of functional mGluR1 in the supraoptic nucleus may contribute to the development of the long-lasting plastic changes \[[@R45]\]. In the pilocarpine model of epilepsy, up-regulation of mGluR2 and 3 in the stratum lacunosum moleculare \[[@R46]\], mGluR4 in the granular layer \[[@R47]\], mGluR7 mRNA \[[@R48]\] and mGluR8 in the molecular layer of the dentate gyrus \[[@R49]\] 24 h after status epilepticus may indicate a compensatory mechanism to reduce excitoneurotoxicity and epileptogenesis. However, down-regulation of group II and group III mGluRs at chronic stages of animal models of epilepsy may indicate a reduced inhibitory effect or negative feedback which may be related to epileptogenesis \[[@R18], [@R49]-[@R52]\]. Animal experimental results therefore suggest that increased group I mGluRs and reduced group II and III mGluRs in the hippocampus may be involved in chronic epileptogenesis \[[@R11], [@R17]\]. It is supported by data from patients with temporal lobe epilepsy \[[@R44], [@R46], [@R53]-[@R57]\]. Decreased group I mGluR or increased group II and III mGluRs in previous studies may be due to the use of different animal models and experimental protocols \[[@R53], [@R58]\]. Consistent increase in expression of group I mGluRs mRNA and protein at acute stages of seizures in the animal models \[[@R12], [@R59]\] and patients \[[@R44], [@R54], [@R60]\], suggests that group I mGluRs may be therapeutic drug targets to control seizures and prevent epileptogenesis. This is supported by neuropharmacological studies showing anticonvulsive and neuroprotective effects of antagonists of group I mGluRs \[[@R17], [@R40]\]. However, a significant down-regulation of the expression levels of group II and III mGluRs suggests that targeting on group II and III mGluRs may not be so effective to control the occurrence of epilepsy at chronic stages \[[@R21], [@R46], [@R54]\].

MGLUR INTERACTING PROTEINS IN EPILEPTO- GENESIS
===============================================

Homer proteins are scaffolds connecting mGluRs and other ligands to form a macrocomplex *via* the N-terminal Ena/VASP homology domain 1 \[[@R33], [@R61]\]. The long Homer isoforms use C-terminal coiled coil domain for dimerization \[[@R61], [@R62]\]. Homer 1 and 2 but not Homer 3 physically hold group I mGluRs, PLCβ and insitol-1,4,5- trisphosphate (IP~3~) receptors in a signaling complex which is involved in intracellular calcium signaling \[[@R61], [@R63]\]. The short Homer isoform 1a (H1a) lacks the dimerization domain and thus inhibits the formation of signaling complex by uncoupling Homer scaffolds \[[@R62]\]. "In neocortex pyramidal cells, activation of mGluR by Homer-1a induces IP~3~ which causes inositol-induced calcium release and a consequent potassium channel opening, thus hyperpolarizing the intracellularly Homer1a protein injected neurons" \[[@R64]\]. It has been reported that H1a expression is immediately up-regulated in the acute stage of kindling and pilocarpine induced animal model of epilepsy. H1a may therefore act as an anticonvulsant \[[@R37], [@R65]\]. H1a also plays a role in certain forms of homeostatic scaling which may lead to changes in synaptic function in epileptogenesis \[[@R66]\]. Furthermore, H1a modulates endocannabinoid (eCB) mediated synaptic plasticity in cultured hippocampal neurons following a seizure activity \[[@R36]\]. "eCBs are produced in the postsynaptic neuron upon strong depolarization and / or activation of mGluRs and act on presynaptic cannabinoid receptor-1 (CB~1~) to inhibit the release of neurotransmitter" \[[@R67]\]. They serve as an on-demand neuroprotective system. "However, the induced epileptiform activity by a group I mGluR agonist, dihydroxyphenylglycine (DHPG), was significantly reduced by CB1 receptor antagonists, SR 141716 or AM 251" \[[@R68]\]. Increased H1a expression following an epileptic stimulus subsequently uncouples mGluR from the signaling complex and affects mGluR-mediated eCB production \[[@R36]\]. Current data suggest that during the early stage of epileptogenesis, overexpression of H1a can counteract hyperexcitability and thus H1a may be a molecular target to prevent epilepto- genesis \[[@R36], [@R37]\].

In mGluRs related signal transduction systems, PLCβ4 has been identified as one down-stream protein for mGluR1 in the mouse cerebellum \[[@R63], [@R69], [@R70]\] and for mGluR5 in the suprachiasmatic nucleus \[[@R71]\]. MGluR5-PLCβ1 signal transduction plays an important role in the coordinated development of the neocortex \[[@R72]\] and in the aged striatum \[[@R73]\]. In the hippocampus, group I mGluR elicited epileptiform discharges through PLCβ1 signaling \[[@R74]\]. Cuellar *et al*. \[[@R75]\] indicated that "l-cysteine sulfinic acid (CSA), an agonist of phospholipase D (PLD)-coupled mGluRs, mediated its effect by PLD-driven activation of protein kinase C (PKC), which may desensitize PLC-linked group I mGluRs and thereby prevent group I mGluR-induced epileptogenesis". "It suggested that CSA-mediated suppression of group I mGluR-induced epileptogenesis was PKC dependent" \[[@R75]\]. Our previous studies indicated that PKCβ1, PKCβ2, and PKCγ might  be involved in mGluR1α -related excitoneurotoxicity and epileptogenesis \[[@R76]\], and mGluR5-PLCβ4- PKCβ2/PKCγ pathways was involved in the hyperexcitability of hippocampal CA1 pyramidal neurons leading to the loss of these neurons \[[@R77]\]. Our findings are in agreement with *in vitro* study in HEK cells that mGluR5-stimulated oscillatory activation of PKCγ \[[@R78]\] and PKCβ2 \[[@R79]\] is mediated by PLCβ4 and Ca^2+^. *In vitro* study also indicated that "PKC-induced prolongation of epileptiform bursts was dependent on changes specific to mGluR5 and not mediated simply by a generalized increase in transmitter release" \[[@R80]\]. In pilocarpine model, mGluR5 may regulates the PKCζ activation in the hippocampal interneurons in epilepsy \[[@R77]\]. The increased PKCε may support the "epsilon theory" of epileptogenesis \[[@R81]\]. Alteration of the expression of cyclic-AMP dependent protein kinase (cPKA) subtypes cPKAβ and cPKAγ in mouse hippocampus \[[@R25]\] suggests that hippocampal PKC and cPKA isoforms play different roles in neuronal hyperexcitability and epileptogenesis, and may be targets for development of anti-convulsive and anti-epilepto- genic drugs \[[@R26]\].

The surface expression level of mGluRs is controlled by interacting proteins such as calmodulin (CaM), seven in absentia homolog (Siah)-1A and norbin. CaM, a calcium binding protein in brain, regulates the synaptic plasticity by interacting with numerous GPCRs \[[@R82]-[@R84]\], NMDA receptors and voltage-gated calcium channels \[[@R85]\]. CaM binds to group I and III mGluRs in a Ca^2+^-dependent manner. Activation of mGluR5 triggers PKC mediated phosphorylation of serine 901 (S901) on its C terminus, which consequently disrupts the binding of CaM to mGluR5 \[[@R86]\], results in an increased mGluR5 endocytosis and decreased surface expression. In contrast, CaM binding prevents phosphorylation of mGluR5 C-terminus by PKC \[[@R87]\]. Furthermore, E3 ligase seven in absentia homolog (Siah)-1A competes with CaM for binding to mGluR5 and degrades mGluR1 and mGluR5 \[[@R29], [@R88]\]. It has been shown that "the phosphorylation of mGluR5 by PKC disassociates CaM from its C terminus and enhances the binding of Siah-1A leading to a decreased surface expression of mGluR5" \[[@R29]\]. Like mGluR5, "activation of mGluR7 also leads to decreased surface expression of  CaM" \[[@R29]\]. However, "CaM affects mGluR7 trafficking by competing with protein interacting with C kinase 1 (PICK1) binding and leading to dephosphorylation of the major PKC phosphorylation site on the mGluR7 C terminus and increase of mGluR7 surface expression" \[[@R29], [@R89], [@R90]\]. Furthermore, the CaM competes with the G-Protein βγ-subunit and displaces pre-bound G-Protein βγ-subunit from mGluR7a which may affect the glutamate release in presynaptic terminals \[[@R91]\]. Norbin also competes with CaM for mGluR5 binding which is regulated by PKC phosphorylation of S901 on mGluR5 C-terminus \[[@R92]\]. In knock-in mice lacking the PDZ-ligand motif of mGluR7a, the interaction between mGluR7a and PICK1 is disrupted and then no down-regulatory effects on spontaneous excitatory currents were observed from the group III mGluR agonist L-AP4 \[[@R93]\]. This suggests that "PICK1 binding to the C-terminal region of mGluR7a is crucial for protein kinase C-mediated inhibition of glutamate release" \[[@R93]\].

In hippocampal pyramidal cells, the endogenous activation of mGluRs is dependent on the rate of glutamate reuptake mainly through the excitatory amino-acid transporters (EAAT). The postsynaptic mGluRs located around the synaptic centre are tonically activated after using EAAT inhibitor, TBOA \[[@R94]\]. The mRNA and protein levels of EAAT3 were significantly increased in pyramidal cells of the hippocampus after pilocarpine-induced status epilepticus \[[@R95]\]. This up-regulation of EAAT should work as a neuroprotective mechanism during and after seizure.

AGONISTS AND ANTAGONISTS OF MGLURS IN THE CONTROL OF EPILEPSY AND EPILEPTO- GENESIS
===================================================================================

The anticonvulsive and anti-epileptogenic effect of various agonists and antagonists of mGluRs has been reviewed by different research groups \[[@R8], [@R96], [@R97]\]. In brief, agonists of group I mGluRs such as (S)-3,5-dihydro- xyphenylglycine (DHPG), (1S,3R)-1-aminocyclopentane dicarboxylic acid (APDC) and other group I mGluR agonists enhances neuronal excitability, induce seizures and neuronal injury \[[@R11], [@R43], [@R98]\]. Whereas group I mGluR antagonists such as MPEP \[[@R40]\], \[(2-methyl-1,3-thiazol-4-yl)ethynyl\] pyridine (MTEP) \[[@R99]\], SIB1893 \[[@R100]\], 1-aminoindan-1,5-dicarboxylic acid (AIDA) \[[@R17]\], BAY36-7620 \[[@R101]\], LY367385 \[[@R102]\], LY357366 \[[@R103]\], LY339764, LY367335, LY367366 and LY339840 \[[@R104]\] have potent anticonvulsant activity in animal models of epilepsy \[[@R105], [@R106]\]. The mGluR2 agonists such as (S)-4-carboxy-3-hydroxyphenylglycine (C3HPG) \[[@R107]\], (2R,4R)-APDC \[[@R15]\] and (2S,2\'R,3\'R)-2-(2\',3\'-dicarboxycyclopropyl)glycine (DCG-IV) \[[@R16], [@R108]\] reduce audiogenic seizures in DBA/2 mice and genetically epilepsy prone rats and enhance the generalised seizure threshold in kindled rats. DCG-IV significantly depresses medial perforant path-evoked responses in epileptic tissue from pilocarpine-treated rats more than control which may be due to a significant increase of mGluR2 \[[@R18]\]. In addition, group II mGluRs agonists, LY379268 and LY389795 reduce spike and wave discharge (SWD) duration of absence seizures in lh/lh mice \[[@R109]\]. LY379268 reduces both behavioral correlates and power in EEG bandwidths in pilocarpine model \[[@R21]\]. Activation of group III mGluRs by their agonists such as L-(+)-2-amino-4- phosphonobutyric acid (L-AP4) \[[@R17]\], L-serine-O-phosphate (L-SOP) \[[@R110]\], (R,S)-4-phosphonophenylglycine (PPG) \[[@R111]\] and (1S,3R,4S) -1- aminocyclopentane- 1,2,4-tricarboxylic acid (ACPT-1) \[[@R112]\] produces anticonvulsant effects. Moreover, "the selective agonist for mGluR8, (S)-3,4-dicarboxyphenylglycine (DCPG) reduces DL-homocysteic acid induced seizures in immature rats and suppresses generalized clonic-tonic seizures" \[[@R97], [@R113]\]. Intracerebroventricular administration  of group III mGluR antagonist (RS)-a-cyclopropyl-4-phosphonophenylglycine (CPPG) reduces PTZ-induced seizures. However, L-AP4 does not significantly affect  the kindling of seizures \[[@R113]\], suggesting that the dose of  L-AP4 may significantly affect its anticonvulsant effects. At lower doses of 10 and 20 nmol/site, i.c.v., it produces anticonvulsant effect, at high doses of 50 and 100 nmol/site, i.c.v., it has no anticonvulsive effects \[[@R81], [@R114]\], whereas at very high doses such as 300 nmol/site, i.c.v., it induces convulsions \[[@R115]\]. In pilocarpine model, mGluR5 antagonist MPEP shows significant anticonvulsive and neuroprotective. Its combination with NMDA receptor antagonist and GABA receptor agonist is more effective than MPEP alone \[[@R40]\], suggesting that mGluR5 antagonists may be promising candidate anti-convulsive, neuroprotective or anti-epileptogenic drugs.

MGLUR INTERACTING PROTEINS AS THERAPEUTIC TARGETS IN THE CONTROL OF EPILEPSY AND EPILEPTOGENESIS
================================================================================================

As scaffold proteins, Homers connect various intra- cellular and membrane proteins to form signaling complexes which play vital roles in neuronal activity (Fig. **[1](#F1){ref-type="fig"}**). "Down-regulation of Homer1b/c could attenuate group I mGluR dependent Ca^2+^ signaling through regulating endoplasmic reticulum Ca^2+^ release and then protect neurons from glutamate excitotoxicity after injury" \[[@R116], [@R117]\]. Homer1b/c promotes "neuronal apoptosis *via* the Bax/Bcl-2 dependent pathway during neuroinflammation in CNS, and inhibition of Homer1b/c expression may provide a novel neuroprotective strategy against the inflammation-related neuronal apoptosis" \[[@R118]\]. Up-regulation of postsynaptic Homer1a could protect against neuronal injury by reducing the level of phosphorylated extracellular signal-regulated kinase (ERK) and then disrupting mGluR-ERK signaling \[[@R119], [@R120]\]. "It can reduce mGluR5 coupling to postsynaptic effectors without relying on large changes in the subcellular distribution of the receptor" \[[@R121]\]. "Homer protein-metabotropic glutamate receptor binding also regulates endocannabinoid signaling and affects hyperexcitability in a mouse model of fragile X syndrome" \[[@R122]\]. The expression of Homer1a has been shown to be upregulated selectively and rapidly by neural stimulation \[[@R37], [@R65]\]. "NMDA receptor agonists and brain-derived neurotrophic factor (BDNF) could upregulate homer1a mRNA *via* the mitogen-activated protein kinase (MAPK) cascade in cultured cerebellar granule cells" \[[@R123]\]. Whereas its antagonists "reduced Homer1b and PSD-95 expression in cortical and striatal regions" \[[@R124]\]. It was also reported that the MAPK/ERK cascade played an important role in vascular endothelial growth factor (VEGF)-stimulated induction of Homer1a mRNA \[[@R125]\]. The short Homer1a lacks the dimerization domain comparing with long Homers and thus inhibits the formation of the signaling complexes by uncoupling Homer scaffolds \[[@R62]\]. Therefore, uncoupling Homer scaffolds by blocking the dimerization domain of long Homer isoforms may prevent neuronal hyperexcitability in epilepsy (Fig. **[1](#F1){ref-type="fig"}**). It suggests that Homers may be promising therapeutic drug targets to control seizures and neuronal loss, and prevent epileptogenesis.

PKC isoforms are involved in different neurotransmitter receptor signal transduction pathways and play important roles in neuronal hyperexcitability and epileptogenesis \[[@R26], [@R76], [@R80]\]. Induced transient expression of protein kinase C beta1(PKCβ1), beta2 (PKCβ2), and gamma (PKCγ) in hippocampal interneurons may result in the excitoneuro- toxicity, leading to the death of interneurons, over excitation of pyramidal neurons and epileptogenesis. This activation is Group I mGluR dependent \[[@R76]\]. The long term increase in PKCγ has been strongly suggested to associate with epilepsy \[[@R26], [@R126]\]. PKC isoforms are also important downstream proteins and play important roles in nicotinic \[[@R127]\], muscarinic \[[@R128]\] cholinergic receptors, gamma-aminobutyric acid type A (GABA~A~) receptor \[[@R129]\], serotonin (5-HT) receptor \[[@R130]\], NMDA receptor \[[@R131]\], AMPA receptor \[[@R132]\] regulated neuronal activities. Many inhibitors of different PKC isoforms were unraveled as potential drugs for the cure and prevention of various PKC elevation disorders such as diabetic complications, cancer, Alzheimer's disease, autoimmune diseases and cardiovascular diseases \[[@R133]\]. "Thymeleatoxin, an activator for PKCα, PKCβ1, and PKCγ, up-regulated basolateral Na,K,2Cl-cotransporter (NKCC) activity during 6 h hypoxia/aglycemia treatment" \[[@R134]\]. The activation of PKC was also applied as therapeutic strategy for treating Alzheimer's disease because it directly decreased the formation of amyloid β \[[@R135]\]. It was reported that "the SUMOylation of PKC isoforms prevented them from activation and the synaptic SUMOylation levels were dynamically regulated by neuronal activity" \[[@R136]\]. "Sentrin-specific peptidase 1 (SENP1) mediated deSUMOylation of PKC" \[[@R136]\] should be a potential strategic drug target for promoting PKC's effects. The inhibitors of other kinase may also be potential candidate drugs for controlling acute and chronic neurodegenerative diseases \[[@R137]\]. We therefore proposed that by fine tuning activity of PKC isoforms at downstream of different neurotransmitter receptor signal transduction common pathways, neuronal activity or degenerative process may be more effectively controlled than targeting on one or two neurotransmitter receptor(s) (Fig. **1**). This approach may prevent epileptogenesis.

PKC has a well-established role in governing GABA receptor surface expression and receptor turnover. PKC activity may block α1β2γ2 receptor recycling to the cell surface \[[@R138]\]. Its inhibition induces activation of GABA~A~ receptor, suggesting an existence of negative feedback relationship between PKC and GABA~A~ receptor activation \[[@R139]\]. The antiepileptic effect of valproate has been related to PKCε inhibition induced GABA~A~ receptor hypersensitivity in nucleus reticularis thalami \[[@R81]\]. On the other hand, PKC-induced prolongation of epileptiform bursts is dependent on changes specific to mGluR5, and not mediated simply by a generalized increase in transmitter release \[[@R80]\]. This study suggests that inhibition of PKC may not only induce GABA~A~ receptor hypersensitivity, but also reduce mGluR5 related epileptiform bursts, and therefore, it may be an ideal therapeutic target to prevent epileptogenesis. However, it has to emphasize that due to numerous functionally different PKC isoforms, activation of each PKC isoform may produce different effects. In addition, the timing and precise location of the PKC activation may also affect therapeutic effect. Therefore, further study is still needed to find candidate drugs to activate PKC in a targeted and isoform-specific manner in order to effectively prevent epileptogenesis.

The involvement of mGluRs interacting protein CaM in epilepsy and epileptogenesis has been well documented. "Calmodulin-mediated processes play important roles in the development of altered neuronal excitability and in some forms of seizure disorders" \[[@R140]\]. "Decreased calmodulin-NMDAR1 co-assembly contributes to hyperexcitability in dysplastic cortical neurons and in focal seizure onsets" \[[@R141]\]. Inhibition of calcium and calmodulin-dependent kinase II (CaMKII) activity occurred in the rat status epilepticus model, which involved NMDA receptor activation \[[@R142]\], as pretreatment with MK-801 blocked inhibition in CaM kinase II activity and the development of epilepsy \[[@R143]\]. In *in vitro* model, "Ca^2+^ influxes through L-type voltage-dependent- and NMDA receptor-dependent-Ca^2+^ channels contribute to the development of a kindling-like state which was also mediated by CaMKII-dependent mechanisms" \[[@R144], [@R145]\]. *In vivo* study also demonstrated that "the loss of CaMKII observed with multiple pathological states in the central nervous system, including epilepsy, brain trauma, and ischemia, likely exacerbated programmed cell death by sensitizing vulnerable neuronal populations to excitotoxic glutamate signaling and inducing an excitotoxic insult itself" \[[@R146]\]. Overexpression of CaM increased K^+^ efflux through CaM-dependent voltage-gated K^+^ channels \[[@R147]\]. The dysfunction of Ca^2+^/CaM-dependent protein kinase II (CaMKII) may result in various neuropsychiatric disorders such as epilepsy through maladaptations in glutamate signaling and neuroplasticity \[[@R148]\]. By targeting CaMKII, microRNA 219 (miR-219) has been shown to negatively regulate the function of NMDA receptors and then  protect against seizure in kainic acid induced mouse  model of epilepsy \[[@R149]\]. Phenytoin, carbamazepine, and the benzodiazepines have been reported to reduce the pre-synaptic glutamate release by inhibiting Ca^2+^/CaM-dependent phosphorylation of membrane proteins \[[@R140]\]. CaM binding with mGluR5 promoted by Ca^2+^ competitively occupied the inactive CaMKII binding site in mGluR5 \[[@R150]\]. The dissociated CaMKII was then activated and phosphorylated adjacent NMDA receptor. As mentioned above, the phosphorylation of mGluR5 by active PKC could also be inhibited by binding with CaM in a Ca^2+^ dependent manner. Recent studies suggest that mGluR interacting protein Siah1 \[[@R29]\], Norbin \[[@R92]\] and PICK1 \[[@R151]\] which work as competitive inhibitors of CaM may be potential therapeutic anti-epileptic and/or anti-epileptogenic targets. It is therefore reasonable to believe that targeting on CaM may produce significant antiepileptic and/ or antiepileptogenic effect.

CONCLUSION
==========

Accumulated data suggest that agonists or antagonists of mGluRs, especially group I mGluR antagonists are promising candidate drugs to control seizures and subsequent neurodegeneration, *i.e.*, to prevent epileptogenesis. The interacting or down-stream proteins of mGluRs such as Homers, PKCs and CaM may be more promising therapeutic targets due to the fact that these proteins are shared by different neurotransmitter receptor signal transduction pathways, *i.e,* serve as common signal transduction molecules (Fig. **[1](#F1){ref-type="fig"}**). For instance, inhibition of PKC may not only reduce mGluR5- related neuronal hyperactivity, but also induce GABA~A~ receptor hypersensitivity. Therefore, PKC inhibitor may be more effective in controlling epilepto- genesis than single mGluR5 antagonist or GABA~A~ receptor agonist. By careful selection of isoforms of PKCs as therapeutic target, we may effectively prevent epileptogenesis and meanwhile significantly reduce side--effect caused by targeting on either excitatory or inhibitory neurotransmitter system, as the latter may result in imbalanced inhibition or excitation of the epileptic brain activity. Nevertheless, the variation of the expression of mGluRs in the pathological brain, complicated interactions of mGluRs and their interacting proteins, doses of mGluR agonists or antagonists, stages of the epileptogenesis may significantly affect therapeutic effects of mGluR agonists or antagonists, and inhibitors or promoters of mGluR interacting proteins. Comprehensive evaluation of patient's pathological brain, careful designing therapeutic approaches and fine-tuning the doses of candidate drugs may therefore be needed to effectively control epileptogenesis.
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![**Interactions among mGluRs and the interacting proteins in the pre- and post-synaptic membrane and subsequent epileptogenesis.** Glutamate released from the pre-synaptic membrane bind and open ligand-gated ionotropic glutamate receptors (iGluRs) allowing Na^+^ and/or Ca^2+^ influx and/or K^+^ efflux at the central area of postsynaptic membrane. Over release of glutamate activates metabotropic glutamate receptors (mGluRs) at the peripheral of post-synaptic membrane, induces the following cascades of reactions: 1) the formation of signaling complexes by dimerization of the long form Homers which then enhances the activity of iGluRs; 2) phospholipase C (PLC) cleaves the phospholipid phosphatidylinositol 4,5-bisphosphate (PIP~2~) leading to an increase in diacylglycerol (DAG) and inositol triphosphate (IP~3~); 3) IP3 activates IP~3~ receptors which induces Ca^2+^ efflux from endoplasmic reticulum (ER); 4) Protein kinase C (PKC) activation by the increased concentration of Ca^2+^ and DAG; 5) PKC phosphorylation of the S901 of mGluR5 to reduce its postsynaptic membrane expressing level; 6) calmodulin (CaM) binding which prevents phosphorylation of the mGluRs by PKC in a Ca^2+^-dependent manner, while the Seven in absentia homolog (Siah)-1 and norbin compete with CaM to enhance the possibility of PKC phosphorylation; 7) dissociation of CaM and released Ca^2+^ open K^+^ channels on postsynaptic membrane to induce a neuroprotective hyperpolarization; 8-9) phosphorylation of NMDAR by the activated CaMKII and then opening of the NMDAR-dependent Ca^2+^ channel; 10) binding of glutamate with presynaptic mGluR7 to enhance the possibility of PKC phosphorylation with the help of the protein interacting with C kinase 1 (PICK1) which compete with CaM; 11) PKC phosphorylation of the S901 of mGluR7 to down-regulate the release of presynaptic neurotransmitters; 12) uptaking glutamate back to presynaptic nerve ending by excitatory amino-acid transporters (EAAT) to reduce excitatory response on postsynaptic membrane; 13-14) up-regulation of endocannabinoid (eCB) and activation of mitogen-activated protein kinase (MAPK) and extracellular signal-regulated kinase (ERK) by PKC phosphorylation; 15) fine-tuning PKC activities may induce synergic action of various neurotransmitters and receptors system, for instance, 16) PKC inhibition induces GABA~A~ receptor hypersensitivity, reduces mGluR5 related epileptiform bursts, and therefore, PKC may be an ideal therapeutic target to prevent epileptogenesis.](CN-14-551_F1){#F1}
